Applications of ultra-high strength steel sheets to automotive bodies have expanded steadily in recent years. Various methods are used to evaluate resistance to hydrogen embrittlement (HE), which is one problem of ultra-high strength steels. In this study, the critical HE conditions obtained by the SSRT, CSRT and 4-point bending test were compared by using the same materials. The materials were two ultra-high strength steel sheets with tempered martensite microstructures, one with the SCM435 composition and the other a V-added steel containing many hydrogen trapping precipitations. The specimens were charged with hydrogen by the cathodic charging method. The specimens used in the SSRT and CSRT were machined with notches on both sides of the parallel part. The values of the stress concentration factor (Kt) of the specimens were 4.26 and 1.76. A coupon-shaped specimen was used in the 4-point bending test. The critical HE conditions evaluated by the average applied stress and the average hydrogen content of the specimen were different depending on the test methods. The HE conditions were also evaluated by the local stress and the local accumulated diffusible hydrogen content at the fracture initiation point. The critical condition evaluated by the 4-point bending test was located in a higher stress and higher hydrogen content region compared with the critical conditions obtained by the CSRT and the SSRT.
Introduction
In steels with tensile strength of 1 000 MPa and higher, delayed fracture, which means fracture of ultra-high strength steels caused by hydrogen, may occur even under atmospheric corrosion conditions. The F13T grade high strength bolt is well-known for a delayed fracture accident. 1) Based on this background, round bar or square bar specimens have mainly been used in this research field. Recently, however, the demand for delayed fracture evaluation of automotive steel sheets has increased in response to increasing application of ultra-high strength steel sheets with tensile strength of 1 000 MPa and higher to high strength automobile bodies. In order to evaluate the risk of delayed fracture, it is generally considered that resistance to hydrogen embrittlement (hereinafter, HE), which means the HE susceptibility of steels and the hydrogen entry property, should be evaluated.
2) The focus of this study is HE susceptibility. There are many test methods for HE evaluation, for example, the Constant Load Test (CLT), 2, 3) Slow Strain Rate Test (SSRT),
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Shusaku TAKAGI, 1) * Yukito HAGIHARA, 2) Tomohiko HOJO, 3) Wataru URUSHIHARA 4) and Kaoru KAWASAKI 5) Conventional Strain Rate Test (CSRT) [11] [12] [13] [14] and 4-point bending test. 15, 16) Delayed fracture of ultra-high strength steel sheets for automobiles is evaluated with not only virgin material but also with plastic deformed materials simulating press forming because automotive steel sheets are generally used after press forming. 17) An example of an investigation method for the critical HE condition of strained sheet steels is the U-bending method, in which a specimen is bent to a U-shape and tightened with a bolt. [18] [19] [20] [21] Various studies have investigated the validity of those evaluation methods, and various HE evaluations of steels have been conducted with those methods. However, the differences between the critical conditions for HE obtained by those methods are not clear. Therefore, the object of this study is to clarify the difference between the critical HE conditions of steels obtained by the SSRT, CSRT and 4-point bending test under a constant load condition. A 1 300 MPa-class JIS-SCM435 steel and a 1 400 MPa-class V-added steel were selected as the representative materials to evaluate.
Experimental Method
Materials and Specimen Dimensions
A JIS-SCM435 steel, which is often used in HE studies, and a V-added steel, which has been developed recently and has good HE resistance, 2, 3, 22) were used. The chemical compositions of the steels are shown in Table 1 .
In preparing the JIS-SCM435 steel, an ingot with the chemical composition shown in Table 1 was heated to 1 200°C, and its thickness was reduced to 5 mm by forging and rolling, which were followed by pickling. The sheet was then cold rolled to the thickness of 2.6 mm, followed by the heat treatment shown in Fig. 1(a) . Table 2 shows the mechanical properties of the JIS-SCM435 steel obtained by a tensile test of a JIS 13A specimen with the parallel part width of 20 mm and gage length of 80 mm.
The V-added steel was prepared by heating a vacuum melted ingot of the chemical composition in Table 1 to 1 200°C, followed by hot rolling to the thickness of 5 mm. The hot-rolled sheet was treated at 920°C for 60 min and air-cooled, followed by the heat treatment shown in Fig.  1(b) . A preliminary temper treatment at 150°C for 30 min was conducted immediately after quenching to decrease the risk of hydrogen cracking because several days had elapsed between quenching and tempering. The thickness of the specimen was decreased to 1.0 mm by mechanical grinding. Table 2 shows the mechanical properties obtained by a tensile test of a JIS No. 5 specimen with the parallel part width of 25 mm and gage length of 50 mm.
Hydrogen Embrittlement Evaluation Method
The test conditions of the SSRT, CSRT and 4-point bending constant load test are described below.
Conditions of SSRT
The specimen dimensions are shown in Fig. 2(a) . The parallel length is 50 mm and the parallel width is 10 mm. Notches with the depth of 2.5 mm were machined on both sides of the parallel part of the specimen. The curvature radius of the notch root is 0.2 mm and 2 mm, as shown in Fig. 2 (2) where, 2W is the parallel width, a is the depth of the notch, ρ is the curvature radius of the notch, and b is defined by Eq. (3). The crosshead speed in the SSRT was 0.001 mm/min. Strictly speaking, this test should be called a slow speed tensile test because it is not possible to define the strain rate at the notch root of the specimen at which the crack initiates. Generally, however, this kind of test is called the SSRT and therefore is also called the SSRT in this study.
The SSRT were conducted under three sets of condi- tions. One was a test in the air environment after cathodic charging of hydrogen for 48 h (hereinafter, test in air after cathodic precharging), the second was a test with continuous cathodic charging after cathodic precharging of hydrogen for 48 h (hereinafter, test with cathodic charging), and the third was a test in air without cathodic charging (hereinafter, test in air). Cathodic hydrogen charging was conducted with the current density of 10 A/m 2 in an aqueous solution containing 3wt%NaCl + 0.5wt%NH 4 SCN. The specimen was removed from the test apparatus immediately after the end of the test, and a sample for hydrogen analysis was cut from the specimen at a position 5 mm from the fracture position.
Conditions of CSRT
The dimensions of the specimen are shown in Fig. 2(b) . The parallel length is 25 mm, which is different from that of the specimen for the SSRT; however, the parallel width, the position of the notch, the notch depth and the curvature radius of the notch are the same as those of the SSRT specimen. The thickness of the specimen was 1.5 mm. Specimens were finished with mechanical grinding of 0.5 mm from both surfaces to remove scratch defects. The values of the stress concentration factor Kt were 4.26 and 1.76 in the specimens with the notch root radii of 0.2 mm and 2 mm, respectively. The specimens were charged with hydrogen by means of cathodic charging. In the CSRT, it is necessary to charge hydrogen until the hydrogen content became homogenous in the thickness direction. Therefore, the hydrogen charging time required to make hydrogen distribution homogeneous was investigated for the coupon samples with the thickness of 1.6 mm and width of 10 mm. As the result, the required charging time was determined to be 48 h for the JIS-SCM435 steel and 72 h for the V-added steel. The aqueous solutions for cathodic charging used in this study were 3 wt% NaCl solutions with NH 4 SCN contents of 0.3 g/L or 3 g/L. A 0.1M NaOH aqueous solution was also used in the experiment with the V-added steel. The hydrogen content was controlled by the current density condition, which was varied in the range of 10-50 A/m 2 in the case of the 3 wt% NaCl solution and the range of 5-100 A/m 2 in the case of the NaOH solution. In hydrogen charging, a 20 mm area around the center of the parallel part, which included the notch, was charged with hydrogen, and the other part was covered with tape and plastic silicon for insulation. The charged specimens were tested by the CSRT method with the crosshead speed of 1 mm/min immediately after the end of hydrogen charging. The test time was approximately 1-5 min. The sample for hydrogen analysis was cut out from the exposed part of the specimen immediately after fracture. 16) The dimensions of the specimen were 10 mm in width, 65 mm in length and 1.6 mm in thickness. Cathodic hydrogen charging was conducted in an aqueous solution containing 3wt%NaCl + 0 − 20g/L-NH 4 SCN at 25°C with current densities of 0.1-10 A/m 2 . The hydrogen content was controlled by the NH 4 SCN concentration and the current density. The test was conducted as follows: First, the specimen was charged with hydrogen for 48 h without loading; this is called pre-charging. Next, loading was applied to the specimen by 4-point bending, and hydrogen charging was continued under the same condition as in pre-charging. The fracture time was counted from the start of loading. The applied stress at the fracture initiation position was controlled at the outer surface and width center of the 4-point bending specimen. The applied load was calculated by the 3-dimensional finite element method. The critical condition for HE fracture was defined as the highest applied load between the conditions unfractured after 100 h. 
Conditions of 4-point bending test
Hydrogen Analysis Method
The diffusible hydrogen content in the specimens was analyzed by thermal desorption analysis with a mass spectrometer in the SSRT and with a gas chromatograph with an Ar carrier gas in the other tests. The heating rate was 100°C/h or 200°C/h, and the temperature range of the analysis was from ambient temperature to 600°C. The analysis method was different from the test method because the tests by the respective methods were conducted by different research institutes. The specimens for hydrogen analysis were cut out at a position 5 mm from the fracture position in the case of the SSRT and 10 mm from the fracture position in the case of the CSRT specimen. In the 4-point bending test, the samples were cut out from specimens without loading, which were charged under the same conditions as the test specimens. The diffusible hydrogen content (hereinafter, H D ) was defined as the sum of the desorbed hydrogen at temperatures up to 300°C.
Calculation Method of Local Stress and Local Diffusible Hydrogen Content at Fracture Initiation
Position of Specimens The local stress and local H D at the fracture initiation position in the SSRT, CSRT and 4-point bending test were calculated by 3-dimensional elastic-plastic finite element analysis.
Calculation of Local Stress and Local Diffusible
Hydrogen Content at Fracture Initiation Position in SSRT The fracture initiation position in the SSRT was the peak stress point in the tensile axis direction. The local stress and local H D at that point were calculated from the result of the elastic-plastic finite element method analysis of a oneeighth model, considering the symmetry of the specimen dimensions. The peak stress in the tensile axis direction and the peak hydrostatic stress around the notch root were calculated for various loading conditions. Because of the extremely slow deformation speed of the SSRT, it is considered that diffusible hydrogen diffuses by stress induced diffusion and the hydrogen content reaches a distribution corresponding to the hydrostatic stress distribution. Therefore, the local H D at the peak stress point in the tensile axis direction was calculated by Eq. (4).
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where, H is the average H D in the specimen analyzed by thermal desorption analysis, σ h is the hydrostatic stress at the peak stress point in the tensile axial direction, σ hmin is the hydrostatic stress at a position sufficiently far from the notch root, ΔV is 2 × 10 − 6 m 3 /mol, 26) which is the partial molar volume fraction of a hydrogen atom in bcc-Fe, R is the gas constant, and T is 300 K as the test temperature.
Calculation of Local Stress and Local Diffusible
Hydrogen Content at Fracture Initiation Position in CSRT The fracture initiation position in the CSRT is the peak stress point in the tensile axial direction, which is the same as in the SSRT. The stress at that point was calculated by the same method as described in 2.4.1. On the other hand, the local H D at the fracture initiation point was equal to the analysis result because stress induced diffusion did not occur during the test due to the fast deformation rate in this type of test.
Hydrogen Content at Fracture Initiation Position in 4-point Bending Test The fracture initiation position in the 4-point bending test is the outer surface of the specimen, and the stress set in 2.2.3 is the same as the stress at the fracture initiation position. As in the SSRT, the diffusible hydrogen in the specimen is distributed at the fracture initiation position corresponding to the hydrostatic stress distribution because a constant load is applied to the specimen and the testing time is long enough for stress induced diffusion. Therefore, the local H D which accumulated at the fracture initiation position, which was the outer surface of the specimen, was calculated by Eq. (4), where σ h and σ hmin are the hydrostatic stress at the center of width on the outer surface and the center of width on the inner surface, respectively.
Experimental Results
Results of SSRT
The Kt of the SCM435 steel and V-added steel specimens was 4.26. The stress-displacement curves of the specimens are shown in Figs. 4(a) and 4(b) , respectively. With both materials, the shapes of the stress-displacement curves were almost the same under all conditions. However, the amount of displacement to fracture was different depending on the material. The displacement of the SCM435 steel up to fracture in the SSRT in air was the largest and the displacement in the SSRT with cathodic charging was the smallest. The displacement of the V-added steel up to fracture in the SSRT in air was also the largest, and the displacement in air after cathodic precharging and the displacement with cathodic charging were smaller than that in air and were almost the same. To investigate the reason for this difference, H D after cathodic precharging before starting the test and after finishing the test were compared. As the result, in the SCM435 steel, the H D in the specimen after cathodic precharging before the SSRT was 2.05 mass ppm (hereinafter, ppm), and the H D after finishing the test in air after cathodic precharging was 1.11 ppm, which was about one-half of the H D before starting the SSRT. On the other hand, the H D after finishing the test with cathodic charging was 2.27 ppm, which increased about 10% compared with the specimen before starting the SSRT. The reason for this difference is considered to be that, in the SSRT in air after cathodic precharging, the diffusible hydrogen in the specimen was released during the test, whereas in the SSRT with cathodic charging, the diffusible hydrogen was trapped at the dislocations introduced during the test. Because the fracture displacement decreased with increasing diffusible hydrogen content, it is understood that the test condition dependence of the displacement up to fracture is the result of deterioration of ductility caused by hydrogen. On the other hand, in the V-added steel, H D of 10.23 ppm after cathodic precharging before the test start was almost the same as the H D of 10.71 ppm after finishing the SSRT in air after cathodic precharging. The H D after the SSRT with cathodic charging was 11.22 ppm, and H D increased about 10% in comparison with the H D before the test start. This behavior was similar to that of the SCM435 steel.
In the V-added steel, it is considered that diffusible hydrogen was not released during the SSRT in air because the diffusion coefficient of diffusible hydrogen in the V-added steel was lower than in the SCM435 steel. Therefore, it is considered that the fracture displacement of the V-added steel in the test in air after cathodic precharging decreased extremely compared with the fracture displacement of the test in air, as is the case of the test with cathodic charging.
Results of CSRT
The relationships between the engineering fracture stress and the diffusible hydrogen at the cross section of the notch part obtained in the CSRT with the SCM435 steel and the V-added steel are shown in Figs. 5 and 6, respectively. The fracture origin of the SCM435 steel at the Kt of 4.26 was the prior austenite grain boundary, and fracture stress decreased extremely with increasing H D . However, the fracture origin of the specimen with the Kt of 1.76 was quasi-cleavage at the H D of 1 ppm or less and the prior austenite grain boundary at the H D of 1.5 ppm or more. In the V-added steel, the fracture stress was almost constant up to the H D of 4 ppm independently of Kt, as shown in Fig. 6 , and the fracture origin was quasi-cleavage. At H D > 4 ppm, the fracture origin changed to the prior austenite grain boundary and fracture stress decreased extremely. The decrement of the fracture stress was larger in the specimen with the Kt of 4.26. This is considered to be because the maximum stress at the notch root in the specimen with the Kt of 4.26 is larger than that in the specimen with the Kt of 1.76. From a comparison of Figs. 5 and 6, the H D at which the fracture stress rapidly decreased in the V-added steel was larger than that in the SCM435 steel. This is considered to be due to the hydrogen trap effect of vanadium carbide. Figure 7 shows the typical relationships between the applied stress and time to fracture of the SCM435 steel 16) and the V-added steel.
Results of 4-point Bending Test
16) The time to fracture was counted from the start of loading. In both steels, under the fracture condition, a tendency was observed in which the specimens fractured in a short time after loading. On the other hand, specimens that did not fracture shortly after loading did not fracture until 100 h after loading, and the stress was judged as an unfractured condition. The reason why the fracture condition was determined in a short time after loading is considered to be due to three factors, as follows. One is that loading was started after the specimens were charged with hydrogen up to the equilibrium H D corresponding to the current density of charging, the second is that the H D was maintained during the 4-point bending test with hydrogen charging, and the third is that the fracture origin was near the outer surface, where hydrogen was supplied almost simultaneously with deformation. In other words, the diffusible hydrogen at the fracture origin on the outer surface was distributed to the equilibrium condition corresponding to the hydrostatic stress within a short time after loading. In the 4-point bending test, it is considered that the H D after the test was larger than that before the test because H D increased corresponding to the plastic deformation introduced by bending. However, the increment of H D is presumed to be small, as the equivalent strain at the outer surface introduced by bending was about 1% even under the maximum stress condition. Figures 8 and 9 show the relationships between the critical stress condition of HE fracture and H D for the two steels, respectively. In both steels, the critical stress decreased with increasing H D . The critical stress decreased extremely at the H D over 2.5 ppm in the SCM435 steel and over 8.0 ppm in the V-added steel. In a comparison at the same H D , the critical stress of the V-added steel was higher than that of the SCM435 steel. The arrow mark in this figure means unfracture data at the stress. The critical condition at this hydrogen concentration is predicted as plotted at higher stress level.
Discussion
Y. Hagihara et al. 11, 13) presented results in which the critical condition of HE of TS 1 300 MPa grade tempered martensitic steel obtained by the SSRT with a circumferential notched specimen were almost the same as by the CSRT in the case evaluated by the local stress and local H D at the fracture initiation position. 24) Based on this result, under the conditions in that paper, it is judged that the mechanism of HE was the same in the CSRT and SSRT. In this chapter, the mechanisms of HE in the SSRT, CSRT and 4-point bending test will be considered by comparison and analysis of the critical condition of HE with the local stress and local H D at the fracture initiation position. Although specimens with Kt of 4.26 and 1.76 were used in the SSRT and CSRT in this study, only the results obtained with the Kt of 4.26 were used in the following discussion.
First, the results of the SCM435 steel will be discussed. The critical conditions of HE fracture are shown in Fig. 10 , in which the evaluation indexes are the applied stress and the average H D in the specimen. The applied stress was the average stress at the cross section of the notch root in the SSRT and CSRT, and the outer stress of the specimen in the 4-point bending test. In the SSRT, the result obtained in the test with cathodic charging was used. The critical fracture stress was located in order corresponding to the SSRT, CSRT and 4-point bending test from low stress and low hydrogen content. On the other hand, Fig. 11 shows the evaluation results of the critical condition of HE with the local stress and the local H D at the fracture initiation point. The local fracture stress decreased with increasing local H D . In this evaluation, the critical conditions were located in a narrow band independently of the test method in the comparison of the evaluation with the applied stress and the average H D in the specimen; however, the critical condition of the 4-point bending test was located in a higher stresshigher hydrogen content region than those of the SSRT and CSRT. In this study, the local H D ranges in the SSRT and CSRT were different from that in the 4-point bending test. Therefore, the critical fracture condition obtained by those methods must be compared in the same local H D range in a future study. Next, the results of the V-added steel will be discussed. Figure 12 shows the critical conditions of HE fracture, in which the evaluation indexes were the applied stress and the average H D in the specimen. The critical fracture condition in the CSRT was located in a lower stress-lower H D region than those in the 4-point bending test at the H D of 8 ppm and higher. Although the data points of the SSRT is presumably located on the extrapolation of the CSRT data points, SSRT data number is not enough to confirm it in the present study. Additional SSRT data points are necessary, and some additional data points will be obtained in the subsequent study. Figure 13 shows the evaluation results of the critical condition of HE with the local stress and the local H D at the fracture initiation point. The local fracture stress decreased with increasing local H D in the same way as with the SCM435 steel. The critical fracture condition of the 4-point bending test was located in the higher stresshigher diffusible hydrogen content region than those of the CSRT and SSRT. The critical HE fracture conditions in the SSRT and CSRT as kinds of uniaxial tensile tests with notched specimens were different from the critical condition in the 4-point bending test. The reason is conjectured to be that the plastic constraint in sheet steels is smaller than that in round bar specimens, and as a result, plastic deformation occurs more easily in sheets, and the difference in the amount of plastic deformation influences the critical fracture conditions.
Conclusions
The critical hydrogen embrittlement conditions of ultrahigh strength steel sheets with microstructures of tempered martensite were evaluated by the SSRT, CSRT and 4-point bending test. The materials were SCM435 steel with tensile strength of 1 300 MPa grade and V-added steel with tensile strength of 1 400 MPa grade. As the result, the critical conditions of the hydrogen embrittlement evaluated with the applied stress and the average diffusible hydrogen content were located in an order corresponding to the SSRT, CSRT and 4-point bending test from low stress and low hydrogen content. The critical conditions obtained by those three methods were compared by the index of the local stress and the local diffusible hydrogen content of the fracture initiation point. It was found that the local stress of the critical conditions decreased with increasing local diffusible hydrogen content. Moreover, the critical conditions obtained by the 4-point bending test were located in a higher stresshigher diffusible hydrogen content region than those of the SSRT and CSRT. In this study, the local diffusible hydrogen content ranges in the SSRT and CSRT were different from that in the 4-point bending test. Therefore, it will be necessary to compare the critical condition for fracture obtained by those methods in the same local diffusible hydrogen content range in a future study.
